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Magnetic susceptibility of hcp iron and the seismic anisotropy of Earth’s inner core
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The seismic anisotropy of the Earth’s core is believed to be due to a preferred orientation of hexagonal close
packed(hcp iron crystals that constitute the dominating element in the inner core. In this connection, the
magnetic properties of the hcp iron in an external magnetic field are very interesting and are studied here by
employing arab initio full-potential linear muffin tin orbital method. By this means the magnetic susceptibility
x of hcp iron and its anisotropy energy for pressures and temperatures corresponding to the Earth’s inner core
conditions have been evaluated in the framework of the local spin density approximation. The accuracy of this
method has been validated by calculating the anisotropic susceptibility of paramagnetic transition metals that
form in the hcp crystal structure at ambient conditions. Our calculations demonstrate that for hcp iron the
anisotropy ofy is dependent on the/a ratio. In conjunction with recent data on tleéa ratio and elastic
constants of hcp iron, the magnetic anisotropy can explain the seismic anisotropy of the Earth’s inner core.
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[. INTRODUCTION sures appeared to be substantially lower than that of the
Earth’s inner core. From the experimental side,Sslmauer

Soon after the discovery of seismic anisotropy in theeffect studie¥ have given no confirmation of a magnetically
Earth’s inner core, which means that elastic waves travebrdered state in hcp iron at pressures up to 24 GPa. A more
faster in the north-south direction, it was suggested, an  recent experimental study of magnetic properties of iron,
alternative to competing mechanisf$, that this anisotropy compressed in a diamond anvil cell up to 17 GPa at a tem-
originates from the preferred orientation in an aggregate operature of about 260 °@.e., far below the Earth’s inner
structurally and magnetically anisotropic crystals of iron.core conditions suggests that hcp iron is either paramag-
This mechanism assumes that the magnetic field, generategtic or weakly ferromagnetic with a susceptibility roughly
in the outer core, aligns iron crystals in the inner core, on thgstimated over a very wide range from 10 to

condition that these crystals possess a hexagonal closg-4 emu/mol. Also, no information about the anisotropy of
packed crystal structure and an anisotropic magnetic susce “was available from these experiments. Therefore, there is

tibility x. Although there is large evidence that the inner cor no way of telling from these studies whether or not the mag-

consists of hep iron, the validity of the proposed magnet'cnetic explanation for the seismic anisotropy is correct.

mechanism is substantially dependent on the unknown value In order to establish if the magnetic anisotropy explains

of x of hcp Fe at the inner core, primarily the anisotropy Ofthe seismic anisotro one should concentrate on the mag-
x- Also, the assumed anisotropy of the susceptibility of the . X py. 9
etic properties of hcp iron at pressures and temperatures of

inner core may have a pronounced effect on the geometr . )
y P g y the Earth’s core. Theoretical works on the magnetic suscep-

the geomagnetic fiel(called the far sided effet® and the "¢ : ,
dynamics of the core. tibility of metallic systems. have previously been demon-
First principles calculations proved to be a useful tool inStrated to reproduce experiments accurately endtigand

modeling of various physical properties of the Earth’s@n avenue to verify the magnetic model for the seismic an-

core®~18 Recentab initio total energy calculations for dif- isotropy is to study theoretically the susceptibility of hcp iron

ferent crystal structures of iroit' > **performed over a wide at the Earth’'s core conditions, which is the purpose of the

volume range, as well as recent experimental Stuﬁié%, present investigation. In this work, we present resultsiof

have confirmed the stability of a hcp ground state at highnitio calculations of the magnetic susceptibility of hcp iron

pressures. The hcp phase of iron has also been verified fover a wide volume range, corresponding to the Earth’s inner

temperatures and pressures corresponding to the Earth’s inere conditions.

ner core conditions by employing molecular dynamics

simulationg! and by first-principles pseudopotential calcula-

tions of the free energy'’ A substantial progress has also Il. METHOD

been achieved in theoretical studies of elastic and thermal

properties of hcp irodt12141718These calculations, how- Normally only the interaction between the external mag-

ever, have not provided a value gfand its anisotropy for netic field and the electronic spin is considered when one is

the inner core. interested in the magnetic susceptibility of paramagnetic
Spin polarized calculatiohs*®have revealed a zero spon- metals. However, the orbital moments in paramagnetic tran-

taneous magnetic moment for hcp iron at inner core pressition metals are by no means negligable, and in fact in many

sures. An antiferromagnetic ground state was proposed farases they dominate the susceptibitftyThe calculation of

hcp iron by Steinle-Neumanet al,’* but the relevant pres- the magnetic susceptibility of metals is a rather difficult
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problem in solid state physics, which is described in detail®Our calculations are performed using a full-potential linear

by Yasui and Shimiztf and Benkowitsch and Wintéf.From  muffin-tin orbital (FPLMTO)*? method within the local spin

a relativistic treatment, based on the Dirac equation, the totadensity approximation for exchange-correlation effects, and
susceptibility in the absence of spontaneous magnetic mdhe Kohn-Sham equations are solved for a general potential

ment can be expressed as the §im without any shape approximation. It should be pointed out,
that this implementation of the FPLMTO method has suc-
Xtot= XPt XsoT Xorb» 1) cessfully provided elastic constants of hcp transition metals

at ambierft® and elevated pressur&sand proved to be reli-
able in describing bulk properties at high presstir@he
volume and crystal structure are the only inputs to calcula-
Sions of this kind. The details of the method employed are
given elsewheré!?42542433nd here we touch only upon
principal features of the present implementation, which are
different from other used FPLMTO techniques. The integra-
. ) . tion over thek space was performed using a special point
compared withyp and xon, and its value was estimated t0 g, 0jing of about 200R points in the irreducible part of the
be ”_‘“Chg 3653r’r71aller than the —other o terms forgyyoin zone. We also have taken into account the Fermi-
vana}dlunwz. L Hencex§0|s usually neg_lected n theorqual Dirac distribution corresponding to a number of temperatures
studies = of ~magnetic —susceptibility ~of transition ., g the estimated Earth's inner core temperature of 6000 K.
In the present calculations the basis set includedhthand

metals?®2":29-%5The termy,,, as it was defined by Yasui
and Shimizit?®?8is not includedexplicitly within the present np orbitals as well as then+ 1)s, (n+ 1)p, andnd orbitals
Svithin a single, fully hybridizing, energy panelwheren is

formalism. On the other hand, we included the effect of th
spin-orbit coupling upon the calculated field-induced SPINe principal quantum number for a corresponding transition
etal.

and orbital moments at each variational step in the prese
All relativistic effects, including spin-orbit coupling, were

calculations, as it was done previously in calculationgyof

for 5f metals?*? - - , -
included at each variational step in the present calculations.
Under the Earth’s inner core pressure the conduction elec-

where yp is the Pauli spin susceptibilityy,,, is the suscep-
tibility due to the orbital motion of electrons, and, corre-
sponds to the contribution due to the spin-orbit coupling. Th
Xso term is essentially a relativistic correction to the
susceptibility**3” and one may assume that it gradually in-
creases from the B series to the 8 and 5f series. It has
been showr® however, thaty, is a higher order term as

According to Benkowitsch and Wintéf,the orbital sus-
ceptibility xo can be decomposed into three contributions: yyqns are pushed closer to the nuclei with a consequent in-

_ T @) crease of the kinetic energy. Therefore, the relativistic effects
Xorb™ Xvv ™ Xdia™ XL can be of considerable significance even for comparatively

where these terms correspond to a generalization of the Vaiight” elements, like Fe. The effect of an external magnetic
Vleck paramagnetism, the Langevin diamagnetism of closefield B was taken into account self-consistently by means of
shells, and a generalization of Landau conduction electronél€ Zeeman operator:
diamagnetism, respectively. In order to evaluate terms in
Egs. (1) and (2), the corresponding wave vect(y) depen- H,=B-(2s+1), ©)]
dent susceptibilities¢(q) were calculated using a realistic
band structure of some transition metals, and then the limitvheres s the spin operator aridhe orbital angular momen-
q—0 was taken either analyticafiy or by numerical tum operator. This operator was incorporated in the
extrapolatiorf®28363"Using a linear response theory, spin FPLMTO Hamiltonian forab initio calculations of field-
and orbital contributions to the magnetic form factor wereinduced spin and orbital magnetic moments, in an analogous
derived?®3°which are related to the corresponding susceptiway to spontaneously spin-polarized systémk.has been
bility terms in the limit of small wave numbers. Another shown previous§*?°that including the full Zeeman operator
development of linear response formalism based on & essential in order to calculate the magnetic susceptibility
Green’s functions technique was employed to calculate thef d andf metals. The orbital polarization correctidhgor-
spirt?3335and orbital® magnetic susceptibilities in a number responding to Hund’s second rule, was also taken into ac-
of transition metals. These calculations were mainly basedount in the calculations. For iron one can hardly expect an
on a nonmagnetic ground state of transition metals, and thappreciable effect of this correction op,,, unlike in the
exchange enhancement of the Pauli spin susceptibility waactinides’*?>46Nevertheless, it seems important to include
taken into consideration, in the best case, within the Stoneall relativistic effects on the same footing to provide a suffi-
model. More elaborated spin-polarized approaches were pra@ient accuracy for calculations of the anisotropyxgf, -
posed by Jarlborg and Freenfarand Sandratskii and J. When the field induced spin and orbital magnetic mo-
Kiibler*® for the calculation ofyp; however, the orbital con- ments are calculated, the corresponding volume magnetiza-
tributions to y,,; have not been considered in these works. tion can be evaluated, and the ratio between the magnetiza-
In the present paper we propose an alternative approactipn and the field strength provides a susceptibility, which
which has been shown to have a high reliability in calculat-corresponds to the sum of thg, xso, and xyy terms in
ing the magnetic susceptibility of met&’2° as described Egs. (1) and (2), derived in the framework of different cal-
below, even the anisotropic properties of the susceptibilityculation technique€2>*®The components of the magnetic
and is hence an alternative to extracting experimental datsusceptibility, x; and x, , were derived from the magnetic
for the susceptibility of iron at conditions of the Earth’s core. moments obtained in an external field, applied parallel and
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perpendicular to the axis, respectively. In the present cal-  TABLE I. The averaged value of the magnetic susceptibility,
culations, as well as in previous ones for cubic metafs, y= (x)*2x,)/3, and its anisotropyA x=x|— x, , of hcp transi-
we have tested the induced magnetization in different exterion metals(in units of 10°® emu/mol). The experimental data
nal magnetic fields, and found it linear in the fields of 0.5—10(Refs. 40 and 4jland our calculations for Ti, Zr, Hf, Ru, and Os
T. This proves that the calculated susceptibility is indepen<orrespond to ambient pressure afie- 1000 K. The calculated
dent on the strength of the field. The number of 2R@@ints  susceptibility of hcp iron corresponds tB8=350 GPa andT
provides relative precision better than 10% for the calculated® 1000 K. The estimations of Mor(Ref. 52 are related toT
Ay, or about 10°ug for corresponding field-induced mo- =0 K.

ments, using an external field of 10 T. For lower fields, like —
0.5 T, a huge number d&f points(about 10000Dappeared to HCP X Ax
be necessary to get the desirable convergence jar The
extra computational efforts are obviously not needed, sincg ..
Ay is correctly calculated with a much lower numberlof

points in a field of 10 T. The corresponding calculated totaLri

Expt. Expt.
Theory Ref. 52 (Ref. 40 Theory (Refs. 40 and 41

. 4 237 138 200 8 10
energies were well converged-(L0 ® Ry) with respect to
all parameters involved, such kspace sampling and basis 154 135 140 10 21
P . ’ P ping Hf 78 76 90 5 18
set truncation.
In the present work we did not calculate the diamagneticF 168 12 18
contributions to the susceptibility coming from core and con-"© — - -
Ru 191 243 50 -12 -9

duction electrons, which corresponds to thg, and x.
terms in Eq.(2). The Langevin contributiong i, have been Os 131 253 20 -5 -5
calculated by Banharet al*” for metals with atomic num-
bersZ=49 by using self-consistent charge densities. The cal-

culatedyg, appeared to be between free-atom and free-ioni€alculated the anisotropy afy for Sc and Y, and it appeared
diamagnetic susceptibilities, and did not reveal any anisotto be of opposite sign to the experimentsy, *>** presum-
ropy. To calculate the Landau diamagnetic contribub@ris any due to the prevailing contribution from the anisotropic
a considerably more difficult problefi?"*8-50The free- orbital susceptibility.

electron Landau limit is often used for estimations, giving a The pioneering works of Kubo and Obatand of MorP?

XL that equa|s_% of the Pauli Spin Susceptib”ity, though for were based on the tlght blndlng formalism, which included
some Systems this crude approximation was found not ta’]e main contributions to the Susceptibility, Corresponding to
provide even the correct order of magnitude of the diamagxe (Without exchange enhancemgngs,, andxyy - The en-
netic susceptibility. ergy bands of paramagnetic hcp Co were used by ¥léot

all other hcp transition metals within the rigid band approxi-
mation, and obviously the calculated contributionsytaan

be considered only as crude estimations, moredvemnwas

Before discussing the calculated results for hcp iron, we1ot evaluated. However, these contributionsxtare basi-
first inspect the accuracy of the present method, by compaﬁa”y consistent with what is caICL_JIatet_j in the present Work_,
ing experimental and theoretical data for the susceptibility offnd therefore these results are given in Table | for compari-
paramagnetic hcp transition metals. Although the abové&On. o . _
mentioned theoretical studies were mainly focused on cubic In the present work, the field-induced spin and orbital
transition metal®-2635-37some investigations of magnetic Magnetic moments were calculated for Ti, Zr, Hf, Ru, and
susceptibility of hcp metals were carried out as well, namely©S, Which possess the hcp crystal structure at ambient pres-
by Liu etal®® (Sc, Y, Zr, Lu, Bakonyi and Ebeft (zr), sure and res_lde in two different groups of the Eerlod|c Taple.
Matsumotoet al3 (Sc, ), and Bakonyiet al3* (Ti, Zr, Hf). The calculations were performed at the experimental lattice

Unfortunately, some important contributions to namely ~Parameters of anda. The thermal effects iry were taken

Xw, have not been calculated in these studies. Also, Lidnto account only via the Fermi-Dirac distribution function,

et al2® actually obtained the exchange enhancement of thgorresponding to the electronic temperatureTef 1000 K.

spin susceptibilityyp by fitting to experimental data. Despite The averaged value of the calculated susceptibijity, (x|

these  shortcomings, it has been demonstrated-2y,)/3, and its anisotropy) y, are listed in Table I. The

qualitatively’®33 that susceptibilities of Sc, Y, and L.e.,  susceptibilities evaluated in the present work were corrected

the hcp transition metalsare predominantly determined by for the Langevin diamagnetic teryy,, taken from Banhart

the spin contributionyp, whereas in the group IVA of Ti, Zr, et al*’ We estimated the values gfy, for Hf and Os as

and Hf, the orbital contributions are comparablexte. To ~ —49 and—46x 10 ® emu/mol, respectively, by extrapola-

our knowledge, no theoretical studies were done on the magion from the Ti and Zr, and also the Fe and Ru data provided

netic susceptibility of the group-VIIIA hcp metals, Ru and by Banhartet al*’

Os. This means that only the Landau diamagnetic contribution
As regards the anisotropy of the magnetic susceptibility,y, was not obtained in the present work. Beyond the free-

Ax=x)—x. . essentially no calculations have been carriedelectron limit, y, can be expressed qualitativély®® as in-

out for the hcp transition metals. Only Matsumatbal®®  versely proportional to an average effective mass of conduc-

I1l. MAGNETIC SUSCEPTIBILITY
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tion electronsm*. Therefore this contribution appears to be 60 . .
large in some nontransition metdlsand semimetaf§:>°
(graphite, beryllium, bismudhwith small values ofm*. In L
transition metals y, is usually assumed to be

T

1

1

1

|
negligible®3%3in comparison to considerable paramagnetic = |
contributions, due to the predominantly large effective > I
massesn*. On the other hand, it was shown previod&iy° 7 :
that the anomalous diamagnetism can originate from a tiny g i I i
group of quasi degenerate electronic states with small ~ !
situated in the vicinity of the Fermi energy, and this contri- § 20 - ! -

bution can be many times higher than the free—electron Lan-
dau estimation.
As can be seen from Table |, for Ti, Zr, and Hf the calcu-

lated values oﬁ are in good agreement with experimental
data, which indicates tha{, is presumably about the same 1 1.5

value asy, in these metals, at least @it=1000 K. On the Energy (Ry)

other hand, there is a noticeable difference between the cal-

culated and experimental susceptibilities in the case of Ru FIG. 1. Density of electronic states of hcp iron at the Earth’s

and Os, which could arise from a substantial diamagneti€ore pressure. The Fermi level is marked with a vertical dashed line.
contribution y, . In the case of a complicated multiband L .

structure of hcp transition metals it is not feasible to calcu-f[hese. studies, it has bee’.‘ propd§ekjat thec/a ratio of hcp

late correctly or even estimate tlye contribution, which can iron increases substantially V.V'th temperature, reachlng_ a
be responsible for the noted discrepancy with the average\ﬁalue Of. about 1.'7 at Earth's inner core conditions. In this

experimentaly for Ru and Os. Although the diamagnetism connection the fleld—ln_ducec_J moments were also calculated
of conduction electrons can contribute noticeably to the tota\COfr ﬁ/ a /value.s complymgd Vg'thsth? Itenlllperature ?1e8pendence
anisotropy of hcp metalat low temperature&®-*°this con-  °f the ¢/a ratio suggested by Steinle-Neumaginal.

tribution, X”L— x', was found to decrease rapidly at elevatedSh ?&;hﬁ];{ogg'tggssogg?z E)?ﬁrggnseggg? tg? dgie;?tn?t?coﬂ
temperature$:*®*°Therefore one would expect that at tem- b y 9 Y.

peratures above 1000 K the anisotropy of the susceptibilit)‘?‘?d a smallt_m?glr:jetll(_:hmc;mg.nt develops only Intth.tihpreselrt]ce
in the nonmagnetic hcp transition metals is predominantlygf g’éri?:fcl]irr:?jle(:t 6'1?11 o dlflolc; dllggeisa:nlg\?vrr?:rrginw\gsl foLensc? s
due to the orbital Van Vleck-like contribution, which is cal- that under th ' diti hep iron h ishi t

culated in the present work. at under these conditions hcp iron has a vanishing sponta-

As seen from Table I, the experimental anisotropy of the€ous magnetic moment. The corresponding density of elec-

. a0 47 : _ tronic stategDOY), presented in Fig. 1, is very similar to the
magnetic susceptibilify ** is reproducgq fqr aI_I studied ele DOS of Ru and Os, calculated at ambient conditiths.
ments, namely, the calculatédy is positive in Ti, Zr, and Hf

) A Our calculations demonstrate that the induced spin mo-
(group IVA), butAy is negative in Ru and Ogroup VIIIA). ments are parallel to the orbital moments, in agreement with

The absolute values of the calculated anisotropy are also N ind's third rule. The spin contribution tp appeared to be

agreement with experiment, with allowance made for the . UL
a1 somewhat smaller than the orbital contribution in hcp Fe
observet#! strong temperature dependence &f. Al-

though the vibrational effects were not taken into account()(§"if‘2()‘7)(orb at pres§Lire.s about 3(.)0 GPahereas the
our approach allows one to describe of Ti, Zr, Hf, Ru anisotropy ofyspin (~10™ %) is substantially smaller than the

. PR i f (~102). For comparison, the Pauli spin
and Os up toT~1000 K. We emphasize that the sign and anisotropy Ofxorp : parison, P
order of magnitude ofA.X are always reproduced by the contribution to the magnetic susceptibility was also calcu-

L _ 2 _ -1

theory, and this is the important information one needs ir!a:]ed \lN'th'tr;] thSet Stoner r:nodel .?P_‘j"t‘ﬁ'\l(ll lN)f tr’]
order to draw conclusions about the seismic anisotropy of th&/ €€l 1S the Stoner exchange integray,ine vajue of the

Earth’s inner coré:* It should be noted that the arguments of ensity of states at the Fe_rml Ievelz "#.‘g the Bohr magne- .
Karato! Galoshind® and Volkenshteiret al,*! that the sign ton. The value of the Pauli susceptibility calculated from this

of the anisotropy o} in hcp transition metals correlates with equation Is in good agreement with the field inducin
the number ofl electrons in a free atom, if it is odd or even, susceptibility, evaluated by using the full Zeeman term.

does not always hold, specifically for Os and hcp Fe. The averaged value of the susceptibility of hcp irgnis

We can now examine in detail the theoretical results fofound to be ranging from 17010 ° emu/mol (@
hep iron. The field-induced magnetic moments of hcp iron=350 GPa) to 35810~ ° emu/mol P=50 GPa). The cor-
were calculated for a number of atomic volumes, correfe€sponding magnetovolume effedtin y/dInV, is presented
sponding to pressures from 20 to 350 GPa where the hci Fig. 2, and appeared to be consistent with the available
phase is stabl&1115-182The c/a axial ratio was taken to €xperimental paramagnetostriction dAtebtained for a few
be equal to 1.59, which minimizes the total energy of hcphonmagnetic transition metals.
iron at Earth’s inner core conditiod$!3*°-1"?1and con- The calculated susceptibilitieg are consistent with the
forms with the recent experimental d&tan contradiction to  experimental estimations of under lower pressur&s(P

[
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FIG. 3. Pressure dependence of the magnetic susceptibility an-
; ; Ly . : isotropy of hcp iron forc/a=1.59. The solid, dotted, and dashed
hcp iron (in a logarithmic scale Filled circles represent IS0
dIn x/dInV at the volume range corresponding to pressures fron*'_ne;s c_(l?rr]resf_iplogd _to Ithe temperaturhesdo, 3?‘00’ aTndeBOIOO K, respec-
350 to 50 GPa, an@=6000 K. The dashed line is a guide for the tively. The tilled circle represents the data irom Table |.
eye. For comparison, the available experimental dg&t. 59 for
dIn x/dInV at ambient conditions are presented for vanadidn),(  ciples calculated equation of state. In fact the equation of
palladium (), and scandium@). state calculated in the present work agrees very well with the
MD results, and there is a little difference between the MD
=17 Gpa)’ and also with the assumptions of Clement angalculated pressures and oaio initio calculated ones. The
Stixrude’ which were actually based upon susceptibilities ofthermal effects were taken into account through the Fermi-
Ti, Zr, and Hf at ambient conditions. Table | shows thatDirac distribution function, and this approach was successful
concerning the anisotropy gf a comparison of hcp Fe with in describing Ay of Ti, Zr, Hf, Ru, and Os up toT
the group-IVA metals is not justified, since these elements~1000 K, as seen in Table I. This suggests that the lattice
have different signs af y compared to hcp iron. Since Fe is Vibrations are not expected to change the conclusions about
not isoelectronic to Ti, Zr, and Hf, there is no physical reason
for why one should expect their magnetic properties to be 5 T T T T T
similar; instead an analogous behavior is actually found for
isoelectronic Ru and Os, as is seen in Table I.

FIG. 2. Calculated magnetovolume effedtin y/dInV, for the

IV. SEISMIC ANISOTROPY

We now proceed to the most important finding of this
study, namely, the magnetic anisotropy of hcp iron. As can
be expected, the anisotropy gfcomes almost exclusively ©
from the orbital contribution. The calculated pressure and
temperature dependencies of the magnetic susceptibility an-
isotropy of hcp Fe are presented in Figs. 3 and 4, respec-
tively.

It has to be emphasized that the atomic volume and the
crystal structure were the only inputs to the calculations,
which have been done over a wide range of volumes, which
well includes the estimated atomic volume of hcp iron in the 0 2000 4000 6000
Earth’s core. In order to present the pressure dependence of T (K
Ay in Fig. 3, we preferred to take as input to our calculations

volumes corresponding to an equation of state obtained by FiG. 4. Temperature dependence of the magnetic susceptibility
quasiab initio molecular dynami¢MD) simulations™ This  anisotropy of hcp iron at the Earth's core pressure. The solid and
choice seems more appropriate for the inner core conditionglashed lines correspond ¢ta values of 1.59 and 1.7, respectively.
but we emphasize that very similar results would have beefhe dotted line corresponds to the temperature dependarsug-
found by using volumes obtained from @<£0) first prin-  gested by Steinle-Neumart al. (Ref. 18.

emu/mole)

(10

Ay
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the magnetic anisotropy. As seen from Figs. 3 and 4, the 107 — T
calculatedA y and its sign at pressures above 200 GPa de-
pendent on the assumed values of tia. That is, at the
Earth’s core conditiond y is negative forc/a proposed to
be =1.6,11151621and positive forc/a=1.7, as suggested by
Steinle-Neumanret al!® Such a behavior oA y in Fe with
respect tac/a is certainly not predictable from simple argu-
ments, but can be deduced frah initio calculations, since
the calculated induced moments are determined by a delicate
interaction between the Zeeman energy, exchange effects,
and spin-orbit coupling. At ambient conditions all hcp tran-
sition metals have e/a ratio close to 1.6, but, as can be seen
from Table I,A x>0 for Ti, Zr, and Hf, whereas for Ru and
Os we find thatA y<<0. This means that the/a ratio is not
the main factor determining the sign dfy. On the other
hand, the suggested value for c/a by Steinle-Neumann go’b—m— il il i
et al,'® at increased temperature and pressure, is huge and 10° 10° 10
this can change the balance between the Zeeman energy, ex- Magnetic field (T)
change effects and the spin-orbit coupling. . . .
A suggested mechanism of the seismic anisotropy of the FIG. 5. Phase diagram for the rafbbetween magnetlc anlsgt—
Earth’s inner core involves the anisotropy of the magnetid ®PY €neray and thermal enerffq. (4)] as a function of the grain
o . o bthat if v is Suffi- dlamet(_er and magne_tlc field. The solid line represents ghkel
S_usceptlb!llty of th iron, and !t IS "’?“J“ i X borderline evaluated in the present work, whereas the correspond-
ciently anisotropic, a pref_ere_ntlal o_rle_ntat|o_n of the hcp CIYS-ing dotted line is taken from Ref. 1.
tals may occur. A magnetic field within the inner core can be
separated into poloidal and toroidal parts. The toroidal field _ 2
is considered to be stronger than the poloidal field, and its =2 ol AxVH kg T>1, @
axisymmetric part encircles the Earth’s inner core in the eastwhereu, is the magnetic permeability of the vacuuwhthe
west directior’;* providing the possibility for the preferential volume of iron particleggraing, H the strength of the mag-
orientation. The validity of this mechanism is crucially de- netic field, kg the Boltzmann constant, anflthe tempera-
pendent on the elastic anisotropy of hcp iron, which has beefure. In Fig. 5 we plot a phase diagram, with the diameter of
shown to be determined by tlea ratio. That is, with the jron grains in the Earth’s inner core and the magnetic field of
calculated anisotropy of the elastic constants of hcp Fe fothe Earth’s core as critical parameters. In the region wigere
c/a=1.59>"!the compressional velocity is faster along is larger than one the magnetically driven preferential orien-
the ¢ axis than along tha axis, whereas the reversed situa- tation is expected. The results obtained by Karate also
tion has recently been put forward for hcp iron witha  shown in Fig. 5.
=1.78i.e., the compressional velocity being faster in the An important point is that although the presently calcu-
basal plane. lated value ofAy is smaller than the value assumed by
This means that in order to satisfy the magnetic mechakarato, this gives little difference in estimated grain size,
nism of seismic anisotropyd y has to benegativeif c/a  which is sufficient for the preferential orientation. The reason
=1.59, orpositiveif c/a=1.7. As seen from Fig. 4, these is that, according to Eq4), for a chosens>1 the grain
conditions are precisely the ones given by the present calctiameter is proportional td y Y. In the region of interest,
lations. Therefore, in either case of tbéa ratio, the sign of j.e., for fields between I¢ and 102 T, particles with a
the calculated\ y is in accordance with the magnetic mecha- grain diameter larger thar 5x 10> m have enough anisot-
nism of seismic anisotropy; provided the elastic anisotropy ropy energy for the preferential orientation. It has been sug-
is correctly evaluated in Refs. 3, 12, 14, and 18, respectivelyyested that the grains of the Earth’s core have diameters sub-
Hence, irrespective of the exact values of the ratio of hcp  stantially larger than thiSand our analysis hence shows that,
Fe at the Earth’s core conditions, an issue of uncertainty antbgether with the recent data of anisotropy of the elastic con-
recent debaté*® the magnetic anisotropy mechanism is op-stants in hcp iron, the present theoretical calculations of the
erational. anisotropy of the magnetic susceptibility demonstrate that
It should be noted here that the magnitude of the magnetithe magnetic anisotropy model can explain the seismological
anisotropy is about ten times smaller than what Karataexperiments.
assumed,and one may argue that the anisotropy is not suf-
ficiently strong to orient the hexagonal iron particles. In or-
der to critically evaluate this assertion we quote the result of
Karato, based on energetic grounds, that the criterion for the We have demonstrated that the seismic anisotropy of the
magnetic effect to be operational is that the rdtalled 3) Earth’s inner core could have its origin in the anisotropy of
of magnetic anisotropy energy to thermal energy is largethe magnetic susceptibility of hcp iron. Our theoretical cal-
than one, which can be expressed®ds culations reproduce the measured anisotropy of many hcp
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transition metals, and at conditions of the Earth’s core theyrigin, which indicates that a relativistic treatment is neces-
give a sufficient value ofA y of hcp iron. In addition we sary to explain magnetic properties even of comparatively
show that, depending on the value of tbf& ratio, the an-  ‘light’ elements like Fe.

isotropy of the magnetic susceptibility of hcp Fe is either

negative or positive. However, since this change in sign is ACKNOWLEDGMENTS
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